Many hydrophobins have been described since SC1 and SC3 were found (16, 44) , and their peculiar characteristics have beendescribed (15, 54) . In the pathogenic fungus Cladosporium fulvum, six hydrophobin genes encode both class I (53) and class II (51) hydrophobins, and this seems to be the highest hydrophobin gene number in an individual fungus. At least four hydrophobin genes have been found in Schizophyllum commune, playing different roles during development (47) : SC3 is expressed in monokaryons and dikaryons while the others are active only in dikaryons. For the edible mushroom Agaricus bisporus, various genes have also been identified coding for hydrophobins, ABH1/HypA and ABH2 in fruit bodies (12, 27) and ABH3 in vegetative mycelia (28) , which probably perform different functions. Hydrophobin gene redundancy opens the question about their number and different physiological functions.
Gene disruption was used to verify the roles played by SC3 and SC4 in the formation of dikaryon aerial structures (47) . The regulation of hydrophobin gene expression has been found to occur under the control of a complex set of factors, such as mating type in S. commune SC1 and SC3 (51) or nutrient availability and starvation in Neurospora crassa gene eas (9) , Magnaporthe grisea MPG1 (26, 46) , Trichoderma reesei hf1 and hfb2 (33) , and C. fulvum HCF-1 to HCF-6 (43) .
Pleurotus ostreatus (Jacq. ex Fr) Kummer is a commercially important edible mushroom commonly known as the oyster mushroom. This fungus is industrially produced as human food, and it accounts for nearly a quarter of the world mushroom production (10) . It is also used for the bioconversion of agricultural, industrial, and lignocellulose wastes (7, 37) as a source of enzymes and other chemicals for industrial and medical applications (18, 19, 30) , as an agent for bioremediation (6) , and as organic fertilizer (1) . Several different P. ostreatus varieties are industrially produced. Commercial varieties florida and ostreatus differ in size, color, and temperature tolerance. Both varieties have been used in previous studies about the hydrophobins present in this fungus (4, 35) . In this paper, we describe the purification of three new hydrophobins produced in the vegetative mycelium of P. ostreatus and analyze their genes and production in submerged culture under different nutritional conditions. The results indicate that P. ostreatus contains at least four different loci coding for vegetative-mycelium-specific hydrophobins whose expression is differentially regulated.
MATERIALS AND METHODS
Fungal strains and culture conditions. P. ostreatus var. florida (strain N001) (23, 36) and var. ostreatus (strain N007) were the dikaryotic strains used in this work. Basidiospores were collected, monokaryotic cultures were started, and mating types were determined as described elsewhere (23) . Hybrid strain N015 was constructed by crossing a monokaryon derived from P. ostreatus N001 (MA005) with a compatible monokaryon derived from P. ostreatus N007 (MG001). Cultures of monokaryons or dikaryons were performed on solid Eger Medium (17) or in SMY (rich medium) ( Hydrophobin purification and analysis. Fruit body-specific and vegetative mycelium-specific hydrophobins were isolated according to the protocols described elsewhere (15) . Hydrophobins were isolated from fruit bodies and vegetative mycelium homogenates as the fraction insoluble in a boiling solution containing 10 g of sodium dodecyl sulfate (SDS) per liter in 0.1 M sodium phosphate buffer, pH 7.0. Hydrophobins released into the medium in liquid cultures were aggregated by aeration and collected by centrifugation, and the subsequent extraction was performed as indicated above. The insoluble hydrophobin aggregates were dissociated by sonication in trifluoracetic acid at 0°C, and the acid was removed by flushing with nitrogen. Resuspension of trifluoracetic acid extracts in 60% of ethanol, dialysis, and lyophilization produced hydrophobins that could be analyzed by gel electrophoresis. SDS-polyacrylamide gel electrophoresis (PAGE) was done with 15% (wt/vol) polyacrylamide gels according to a method described by Laemmli (22) . Proteins were revealed by using the silver staining method described by Merril (31) . Protein molecular markers were obtained from Gibco BRL (Life Technologies Ltd., Paisley, United Kingdom). Proteins were electrotransferred onto a polyvinylidene difluoride (PVDF) membrane (Immobilon P; Millipore Corporation) by the semidry transfer method (Multiphor II electrophoresis system; Pharmacia, Uppsala, Sweden). N-terminal sequencing and detection of carbohydrates were performed as described previously (36) . For immunodetection of the proteins, the proteins were transferred to PVDF membranes and detected by using an anti-SC3 antibody and a chemiluminescence system (Amersham).
Isolation, separation, and hybridization of DNA and RNA. DNA was purified from 2 g of mycelium growing on liquid SMY by using the protocol described by Dellaporta et al. (13) with minor modifications (23) . Total RNA was extracted using the procedure described by Wessels et al. (52) . Southern and Northern blottings were prepared as described by Sambrook et al. (40) . Hybridizations were performed at 65°C as described by Church and Gilbert (11) under highstringency conditions. cDNA synthesis and DNA sequencing. cDNA from total vegetative mycelia mRNAs was synthesized using a 1st Strand cDNA synthesis kit for reverse transcriptase (RT)-PCR (Boehringer Mannheim), and a 5Ј/3Ј RACE kit (Boehringer Mannheim) was used to determine the mRNA 5Јend sequence. The fragments were cloned in pGEM-T vectors (Promega).
Genomic sequences were obtained by PCR using genomic DNA as template and specific oligonucleotides flanking the start and stop codons of the corresponding cDNA sequences (Tables 1 and 2 ). Hence, these genomic sequences include the gene exons and introns but not the 5Ј and 3Ј transcribed but untranslated regions present in the gene. PCR was carried out in a volume of 25 l, and the cycling program started with a 4-min denaturation step at 94°C, followed by 30 cycles of 1 min of annealing at 55°C, 1 min of extension at 72°C, and 1 min denaturation at 94°C. Double-stranded DNA fragments were sequenced in both directions with the T7 DNA polymersase kit from Pharmacia using the dideoxy chain termination method (41) .
Chromosome-sized DNA preparations, PFGE separation of chromosomes, and linkage analysis. Isolation of genomic DNA for chromosome separation by pulsed-field gel electrophoresis (PFGE) was performed as previously described (45) . PFGE conditions were optimized for the separation of P. ostreatus chromosomes (23) . For the genetic linkage mapping, a population consisting of haploid progeny of 80 monokaryons derived from P. ostreatus N001 was used (25) . The analysis of linkage was performed following the methods described by Ritter et al. (38) and by Ritter and Salamini (39) using the MAPRF program (20; available upon request).
Nucleotide sequence accession numbers. The genomic sequences of the vmh1, vmh2, and vmh3 alleles described in this paper have been deposited in the EMBL and GenBank nucleotide sequence databases under accession no. AJ420969 to AJ420974.
RESULTS

Vegetative-mycelium-specific hydrophobins and their genes.
The hydrophobins produced by the vegetative mycelium of P. ostreatus var. florida cultures carried out in SMY medium were extracted from monokaryons and dikaryons. A single 9-kDa protein band was obtained from monokaryons whereas two bands (9 and 17 kDa) were found in extracts from dikaryotic cultures (Fig. 1A) . N-terminal sequencing yielded two sequences whose cysteine patterns corresponded to that of the hydrophobin protein family (49) (9-kDa protein present in monokaryons, TDTPSCSTGSLQCCSSVQAA; 17-kDa protein, TDSRRCTEAVKKCCNSS).
Some hydrophobins previously isolated from other fungi have been reported to be glysosylated (3) . In order to determine whether this was the case with the hydrophobins purified from P. ostreatus vegetative mycelium, the SDS-PAGE-resolved proteins were blotted onto a PVDF membrane and stained with the Schiff reagent. A positive glycosylation signal was detected only in the 17-kDa protein (Fig. 1B) . The sugar moiety involved in the glycosylation was studied using antibodies raised against the mature glycosylated hydrophobin SC3 from S. commune (3) . A clear signal with the 17-kDa protein was observed (Fig. 1C) , suggesting a glycosylation with sugars similar to those present in SC3, as the sequence of the two proteins had low similarity (Table 3) .
In order to determine the complete amino acid sequences of the hydrophobins detected, total RNA purified from mono- Table  1 ). In the case of the experiment performed using RNA purified from monokaryons, two different individuals (M001 and M005) that differed in their mating types were used. For both monokaryons, RT-PCR yielded a single DNA band of ca. 450 bp that contained two different sequences in monokaryon M001 and another different one in monokaryon M005. The comparison of the nucleotide sequences revealed that two of them (deriving one from each of the monokaryons) were alleles of the same locus, whereas the third corresponded to another different gene. In the case of the experiment performed using mRNA from dikaryons as template, a single band was amplified that yielded only one type of sequence different from those previously amplified. All the sequences amplified in this experiment coded for proteins containing the eight conserved cysteine clusters spaced as previously described for fungal hydrophobins (51) . In summary, transcripts of two different genes were identified in monokaryons (genes called vmh1 and vmh2) and a third one in the dikaryon (gene vmh3). In one case, the two alleles present in var. florida were detected (vmh2-1 and vmh2-2) ( Table 3 ). The analysis of the sequences of the different genes was completed by determining the positions of introns within the coding sequences by means of a PCR amplification carried out on genomic DNA using as primers oligonucleotides covering the start and stop codons of each hydrophobin gene (Table 2 ). Table 4 summarizes the characteristics of the different hydrophobin genes and their products. The three genes coded for relatively small proteins that contained regions compatible with the signal peptides required for entering the export pathway. Expression of vegetative mycelium hydrophobin genes. The expression of vmh1, vmh2, and vmh3 in fruit bodies and dikaryotic and monokaryotic mycelia was studied by Northern blot analysis. Two different monokaryons with complementary mating genotypes were analyzed, and no expression differences were found (data not shown). The expression of the three genes was studied in 8-to 10-day-old monokaryotic and dikaryotic cultures carried out in SMY and in P. ostreatus fruit bodies. Expression of vmh1 and vmh2 was detected only in vegetative mycelia, whereas vmh3 signal was observed in both vegetative and fruit bodies (Fig. 2) . The hybridization signal intensity was slightly weaker in vmh1 than in vmh2 or vmh3 in monokaryons and dikaryons cultured under these conditions
To study the dependence of hydrophobin expression on nutrient availability in submerged cultures, total RNA was purified from 8-to 10-day-old dikaryotic vegetative cultures performed in SMY and in minimal medium subjected to severe carbon source limitation. Under all tested conditions vmh2 was equally expressed, whereas vmh1 expression was higher in medium limited in carbon source than in complete media, and vmh3 expression was only detected in complete medium. These results were similar when the cultures were carried out in darkness or in dark/light conditions (data not shown).
Finally, the evolution of hydrophobin expression in mycelia growing on SMY was studied using RNA samples taken at various culture times (5, 7, 10, 15, and 20 days) (Fig. 3) . Ex- A time course analysis of hydrophobin production and secretion was performed using liquid cultures of dikaryotic vegetative mycelium. The secreted hydrophobins were separately collected from mycelial cell walls and the culture filtrates after 5, 10, 15, and 20 days of cultivation. Two protein bands of 9 and 17 kDa could be detected in the cell wall extracts at all the points of the experiment (data not shown). This result was different when the culture filtrates were studied. In this case, only the 9-kDa protein band, corresponding to Vmh1 and Vmh2, was observed in all the samples whereas the 17-kDa protein (Vmh3) was detected after only 10 days of incubation (Fig. 4) . The amount of hydrophobin released into the liquid medium increased as a function of culture time until a maximum was reached at 10 days (20.9 mg per 500 ml of culture) and a decrease was observed at 20 days of culture (15.4 mg per 500 ml).
The time course of hydrophobin secretion was also studied for cultures of monokaryons (protoclons PC9 and PC15) (23), although their slower growing rate made it necessary to reduce the number of time points under study. Hence, hydrophobins were extracted after 5 or 10 days (protoclon PC9) or 10 days (protoclon PC15) of culture. In all the cases, the 9-kDa protein band (Vmh1 and Vmh2) was detected and no Vmh3 could be detected under these conditions (data not shown).
Allelism analysis. The hydrophobin genes described above were mapped on the genetic linkage map of P. ostreatus var. florida by using the procedure described by Larraya et al. (25) . Figure 5 shows that segregation of vmh1, vmh2, and vmh3 restriction fragment length polymorphism (RFLP) alleles in a set of monokaryons analyzed using probes corresponding to their respective mature proteins revealed three single-copy unlinked genes. Linkage analysis as well as the hybridization of the three probes on PFGE-separated P. ostreatus chromosomes mapped vmh1 to chromosome I, vmh2 to chromosome XI, and vmh3 to chromosome X (data not shown).
In addition to the genes described in this paper, two other vegetative-mycelium-specific hydrophobins (POH2 and POH3) have been described for P. ostreatus var. ostreatus (4) . In order to determine their map positions, probes corresponding to them were used for mapping as described above. POH3 cosegregated with vmh2, suggesting that they were alleles of the same gene. The probe corresponding to POH2 mapped to chromosome VII at the position defined by markers P9 1400 and P9 1500 (25) (data not shown).
To further confirm the allelic nature of vmh2 and POH3, an allelism test was performed as follows: compatible monokaryons from P. ostreatus var. florida (N001) and P. ostreatus var. ostreatus (N007) were mated to construct a new hybrid dikaryon (N015). Genomic DNA from dikaryon N015 and from 24 monokaryons randomly selected among its progeny was purified, digested, blotted, and analyzed with probes corresponding to vmh2 and POH3. Both probes lighted up the same RFLP bands on XhoI digestions of genomic DNA (data not shown). This analysis revealed that the RFLP allele provided by N007 had a size of 6.6 kbp and that provided by N001 was the 5.1 kbp that was previously observed in the segregation of N001 progeny (Fig. 5) .
In the course of the experiments aimed to map vmh2-POH3, an additional DNA band was observed when probes containing the complete vmh2 cDNA sequence were used (Fig. 6) . In Southern experiments carried out on PFGE-separated chromosomes of P. ostreatus N001 using the probe for the complete cDNA sequence of vmh2, a weak hybridization signal was observed on chromosome II besides the vmh2 strong signal on chromosome XI (data not shown). This gene was not studied further.
The expression of POH2 and POH3 genes in P. ostreatus N001 (var. florida) was studied using Northern blot analysis containing RNA purified from fruit bodies and dikaryotic and monokaryotic vegetative mycelia. POH3 expression was found in monokaryotic and dikaryotic vegetative mycelia and was not detected in fruit bodies. On the contrary, no POH2 expression was found in any of the var. florida samples studied (data no shown).
DISCUSSION
The family of genes coding for hydrophobins in the edible mushroom P. ostreatus is larger and more complex than expected. This suggests that the function of these proteins should not be merely structural but regulated by time or developmental stage. In fact, fruit body-specific hydrophobin Fbh1 is not expressed during vegetative growth and its expression is spatially regulated in the fruit body (36) . Five different hydrophobins have been isolated from vegetative mycelia: Vmh1, Vmh2, and Vmh3 from P. ostreatus var. florida (this paper) and POH2 and POH3 from var. ostreatus (4) . In this work, we investigated (Table 3) suggests that they diverged a long time ago, although the differences between similarity scores at nucleotide and amino acid levels indicate that the these proteins' primary structures should be subjected to a considerable selective pressure that limits sequence drift.
The structure of hydrophobin genes suggests that they have suffered a process of intron losses and gains in the course of the evolution (Fig. 7) . The genomic sequences of other hydrophobin genes have been described for other fungi, and the numbers and positions of their introns is rather conserved. Two introns have been identified in the genes coding for vegetativemycelium-specific hydrophobins Le.hyd2 from Lentinula edodes (34) and CoH1 and CoH2 from Coprinus cinereus (5), whereas three introns have been reported for fruit body-specific hydrophobin genes fbh1 and POH1 from P. ostreatus (4) (M. Peñas, unpublished data), SC1 and SC4 from S. commune (50) , Aa-Pri2 from Agrocybe agerita (42) , Le.hyd1 from L. edodes (34) , and fvh1 from Flammulina velutipes (2) . In P. ostreatus, however, genes with two and three introns are expressed in vegetative mycelium and in fruit body. Moreover, comparison of P. ostreatus hydrophobin genes reveals the importance of the last intron and exon that are highly conserved in all of them, whereas the positions of the other introns vary in the different genes.
Most of the amino acid substitutions observed between the two alleles of the same gene correspond to conservative changes of apolar amino acids that cause nearly null effects in the predicted physicochemical properties of the proteins. The only exception to this is the substitution K64E (Vmh3-1 versus Vmh3-2) that produces a dramatic effect on the predicted isoelectric point (Table 4) . Moreover, this is the unique amino acid change found in this otherwise highly conserved protein.
The effect of this mutation, however, can be seen as more conservative, taking into account the polar nature of both amino acids and the overall low hydropathy index of Vmh3 proteins.
Analysis of glycosylation of the vegetative mycelium hydrophobins demonstrated that Vmh3 is the only one glycosylated in P. ostreatus var. florida. Hydrophobin glycosylation has also been reported to occur in SC3 from S. commune (3) and, more interestingly, in vegetative mycelium hydrophobin POH2 from P. ostreatus var. ostreatus (4). POH2 and SC3 hydrophobins contain a threonine-rich region at the N terminus of the mature protein that can be involved in O glycosylation (4, 14) . No threonine-or serine-rich regions, however, are present in Vmh3, suggesting that the glycosylation site in this case should be different. A putative site for glycosylation in this protein can be the asparagine residue at position 37 that is predicted to be a possible substrate for N glycosylation (N-Xaa-S/T) (8) . Irrespective of the glycosylation site, the sugar moieties added to the mature hydrophobin protein should be similar in Vmh3 and SC3, as antibodies raised against this last one were able to inmunodetect the hydrophobins from P. ostreatus var. florida and amino acid sequence similarity between the two proteins is low enough to discard the peptidic moiety as basis for this immunoreaction.
The redundancy of genes coding for vegetative mycelial hydrophobins could suggest that they should play different roles during the growth and differentiation. Three hydrophobin genes were expressed in both monokaryotic and dikaryotic cultures of P. ostreatus var. florida (vmh1, vmh2/POH3, and vmh3), and POH2 expression was not detected under our working conditions. Two of them (vmh1 and vmh2/POH3) are specific to vegetative mycelium, whereas vmh3 expression also occurs in fruit bodies. Northern experiments performed using a cDNA corresponding to mature Vmh2 as probe ( Fig. 2 and  3 ) revealed a positive expression signal under all culture conditions tested, whereas expression of vmh1 and vmh3 varied according to nutrient availability. Currently, it is not possible to rule out the contribution of the gene identified as a 4.0-kbp band in Fig. 6 to the vmh2/POH3 expression signal; however, the lack of cross-hybridization between the different cDNAs ( Fig. 5 ) and the lack of secondary genomic sequences hybridizing to the vmh2 probe corresponding to the mature protein suggest that this gene could be the principal contributor to the vmh2/POH3 expression signal. The expression level of hydrophobin genes decays with culture time. This decay is more pronounced in the case of vmh1 and vmh2, as vmh3 expression is detected in aged cultures. Hydrophobin secretion timing during culture provides additional information about the different roles of these proteins. In these experiments, Vmh1 and Vmh2 could not be resolved because of technical reasons. In the experiments performed with monokaryons, the Vmh1/ Vmh2 fraction was recovered from the cell walls at different culture times whereas Vmh3 was not observed despite its mRNA being detected under these conditions. In dikaryotic cultures, the Vmh1/Vmh2 fraction was detected throughout the culture time, both as cell wall-associated protein, and released to the medium. Vmh3, however, was detected throughout the culture in cell wall extracts, but it could be mainly recovered from the culture medium at a specific time when the aerial development became prominent (day 10).
In this context, the function of Vmh3 seems to be similar to that of SC3: the promotion of aerial growth. As Vmh3 is also expressed in monokaryon that will not develop fruit body, the role of Vmh3 in fruit body formation should not be as specific as the role of Fbh1, a protein that is detected only in this developmental stage. This is also the case for S. commune SC3, whose expression is detected in both dikaryons and monokaryons (47) . Finally, it should be kept in mind that this pattern of hydrophobin expression in submerged cultures can differ from solid fermentation processess as metabolism under these two culture conditions also differs (29, 32, 48) .
All these data support that expression of the three hydrophobins genes is under the control of different regulatory elements and have contrasting developmental roles necessary for fulfill the life cycle of the fungus.
In this study, P. ostreatus var. ostreatus hydrophobin POH2 was genetically mapped to a distal position in chromosome VII. All the other P. ostreatus hydrophobins have been previously mapped (25) to various chromosomes: Vmh1 to chromosome I, Vmh3 to chromosome X, and Fbh1 and Vmh2/POH3 to chromosome XI. In a recent paper, Larraya et al. (24) mapped some genetic factors controlling monokaryotic and dikaryotic growth rate (QTLs) in P. ostreatus N001. It is noteworthy that all P. ostreatus hydrophobins map close to growth rate QTLs or are involved in digenic interactions related to growth rate variations (24) . The structural role of fungal hydrophobins make it easy to speculate about the basis for this finding. The QTL analysis approach reveals genomic regions involved in the control of a quantitative character (such as growth rate); hence, the molecular relationship between the different hydrophobins and growth rate variation merits a further study.
